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Abstract 
Direct Plasmon-driven photoelectrocatalysis  
by 
Hossein Robatjazi 
Harnessing the energy from hot charge carriers is an emerging research area with the potential to 
improve energy conversion technologies 1 2 3. In chapter 2 of this thesis, I will present a novel 
plasmonic photoelectrode architecture carefully designed to drive photocatalytic reactions by 
efficient, non-radiative plasmon decay into hot carriers 4. In contrast to past work, our 
architecture does not utilize a Schottky junction – the commonly used building block to collect 
hot carriers. Instead, large photocurrents were observed from a Schottky-free junction due to 
direct hot electron injection from plasmonic gold nanoparticles into the reactant species upon 
plasmon decay. Here, the key ingredients are (i) an architecture for increased light absorption 
inspired by optical impedance matching concepts 5 (ii) carrier separation by a selective transport 
layer and (iii) efficient hot-carrier generation and injection from small plasmonic Au 
nanoparticles with heterogeneous particle size distribution to adsorbed water molecules. The 
quantum efficiency of hot electron injection for different particle diameters were investigated in 
order to elucidate potential quantum effects while keeping the plasmon resonance frequency 
unchanged. Interestingly, our studies did not reveal differences in the hot-electron generation and 
injection efficiencies for the investigated particle dimensions and plasmon resonances. 
In chapter 3, a simple strategy is presented to prepare free-standing through-hole ultrathin 
alumina membranes (UTAMs) for efficient sub-100 nm nanoarray fabrication that, in contrast to 
past works, can be generalized to any substrate and material 6. Using developed strategy, a 
centimeter-scale of neat plasmonic photocathodes consisting dense array of sub-100 nm 
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plasmonic nanodots on top of very susceptible substrate of NiOx thin film were fabricated. In 
addition, rough substrates of ~ 940 nm thick FTO (33 nm RMS, about 200 nm peak- peak 
surface roughness) and ~150 nm thick ITO (0.8 nm RMS, 7 nm peak-peak surface roughness) is 
successfully decorated with highly density of sub-100 nm nanodots array. To test the capability 
of developed route for efficient nanoarray fabrication on general substrate, a typical plasmonic 
photocathode was fabricated and employed for direct plasmon-driven photoelectrocatalysis. The 
obtained results revealed great potentials for establishing foundation of AAO-based generic 
nanoarray fabrication for novel applications. 
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Chapter 1: Introduction to plasmonic photocatalysis 
1.1.Introduction 
Conventional photocatalytic systems are generally utilizes semiconductors to generate active 
excitons (electrons-holes pairs) to drive redox reactions. However, their practical applications are 
limited due to two major issues: (i) low photocatalytic activity, (ii) lack of efficient light 
absorption. Photocatalytic activity can be explained based on ability of photocatalyst to convert 
absorbed light into electrons-holes pairs those needs to migrate to the surface of photocatalyst for 
initiation of corresponding redox reactions. In order to efficiently extract the photogenerated 
carriers, the thickness of semiconductor photoactive layer should be comparable to the carrier 
diffusion length of semiconductor-the distance that carriers randomly travel before 
recombination. The carrier diffusion length is generally a small number (< 100 nm) for most of 
semiconductors, and hence decreasing the thickness or size of photocatalyst nanoparticles close 
to the carrier diffusion length can alleviate the issue of carrier recombination. However, 
absorption probability within photocatalyst decreases along with decreasing absorption depth. 
Another issue is that the band gap of many high-performance photocatalytic materials like TiO2 
and ZnO are located in the near ultraviolet (UV) region (wavelength<400 nm) and therefore they 
can only absorb small fraction of solar spectrum, while most of the photocatalysts that exhibit 
significant response to visible light, such as CdS and Fe2O3, suffers from low photocatalytic 
activity and short-term stability. In principle, the characteristics of an ideal photocatalyst can be 
listed as: long-term stability and robustness, high absorption across UV/Vis region; facile carrier 
generation and separation; high carrier diffusion length to facile transport of generated carriers to 
liquid/semiconductor junction; having proper valance band (VB) and conduction band (CB) 
potential with respect to thermodynamic redox potential of corresponding reaction; showing high 
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surface catalytic activity with low reaction barrier; being cost effective; being chemically 
compatible and environmental benign.  
The need to use sunlight more efficiently has sparked increasing research interest in visible-
light photocatalysis. In this regard, plasmonic photocatalysis has recently come into the focus 
that utilize noble metal nanoparticles (Ag, Au, Pt) to overcome barriers of conventional 
photocatalysis, and improve efficiencies of photocatalytic process either in presence of co-
existing semiconductor photocatalyst 10 11 12 or through direct photocatalysis in absence of any 
semiconductors 13 14. Taking advantage of the localized surface plasmon resonance, plasmonic 
photocatalysis has attracted a lot of attention for high-performance photocatalysis. 
1.2. Classification of plasmonic photocatalytic systems 
In terms of co-existence of plasmonic nanostructure and semiconductor in system, 
plasmonic photocatalysis has been classified to two arbitrary categories that are called indirect 
and direct plasmonic photocatalysis. Indirect plasmonic photocatalysis employs a combination of 
plasmonic nanoparticles and semiconductor photocatalyst to drive the reaction, while direct 
plasmonic photocatalysis only relies on plasmonic metal nanoparticles. Figure 1.1 shows 
different plasmonic systems based on contact form. Each of these systems has its own interesting 
features for photocatalysis.  
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Figure 1. 1. Classification of the plasmonic photocatalytic systems based on the contact form. (a) Sole-
metal form, used for direct plasmonic photocatalysis 15. b-c indirect plasmonic photocatalysis, (b) 
Embedment form 16 (c) Encapsulation form 16 (d) Isolation form 12. SC stands for semiconductor.  
1.3. Enhancement mechanisms of plasmonic photocatalysis 
Plasmonic nanostructures introduced several benefits to photocatalysis realms those are 
not accessible by conventional semiconductor photocatalysis 17 18 19.  Localized surface plasmon 
resonance (LSPR) and Schottky junction are two prominent features that benefit photocatalytic 
process through different mechanisms. Figure 1. 2. represents a schematic of plasmonic 
photocatalysis system of n-TiO2/Au in embedment form. Schottky junction that results from the 
contact of the noble metal and the semiconductor leads to a builds up an internal electric field in 
the space-charge region at the interface of metal and semiconductor. The direction of electric 
field is toward the metal nanoparticles due to the nature of n-type semiconductor. Once the 
semiconductor is illuminated at the space-charge region or its proximity, internal electric field 
forces the photo-generated electrons and holes to move toward semiconductor and metals 
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nanoparticles, respectively 19. As a result, charge separation increases and photogenerated 
carriers within semiconductor layer are more efficiently extracted. In addition, carrier diffusion 
length is reduced because the space-charge region is close to the surface and generated carriers 
travel a short way to reach the surface of photocatalyst. The metal nanoparticles also provide a 
fast lane for charge transfer (holes in the present case) and its surface acts as a catalytic site for 
photoreactions (oxidation reaction in this case).   
 
Figure 1.2. Schematic of plasmonic photocatalysis system of n-TiO2/Au in embedment form. 
Schottky junction at metal/n-type semiconductor interface builds up an internal electric field in the space-
charge region with its direction toward the metal nanoparticles. Once the semiconductor is illuminated at 
the space-charge region or its proximity, internal electric field forces the photo-generated electrons and 
holes to move toward semiconductor and metals nanoparticles, respectively.  
The more prominent feature of plasmonic photocatalysis is the Localized surface 
plasmon resonance (LSPR) that has potential to bring several significant benefits to the 
photocatalysis. Some of the major benefits that have been verified so far are visible light 
response and enhanced UV/Vis absorption, enhancing local electric field, generating more 
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electron-hole pair powered by LSPR, local heating effect, reducing minority carrier diffusion 
length, enhanced interaction with molecules etc 19. the optical properties and plasmon resonance 
wavelength of the silver and gold nanoparticles can be tailored thorough visible region and near-
UV by changing the size, shape and refractive index surrounding environment. This boosts the 
UV/vis light response and raises the exciton generation rate. It should be noted that depending on 
the system, some or all of these effects may be presented, and also some features could have 
adverse effect on overall photocatalytic efficiency. Here three primary mechanisms is discussed 
that have been proposed for observed improvement of photocatalytic efficiencies of LSPR-
assisted photocatalysis.  
1.3.1. Elastic light scattering by plasmonic particles 
Elastic scattering of resonant photons by the plasmonic structure increases the average 
photon path passes through the system, and therefore more light is being absorbed by active 
absorber layer that is expected to increase the concentration of photogenerated carriers (Fig. 1.3). 
The scattering mechanism is larger for nanoparticles with size typically larger than 60nm for that 
the Mie scattering has major contribution to the extinction compare to the absorption. In this 
condition, the surface of the particles essentially acts as a nanomirror and can scatter some 
resonant photons that are not absorbed by the semiconductor on first pass through, increasing the 
average photon path length, and consequently produce more absorption near the semiconductor 
surface.  
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Figure 1.3. Schematic illustrating the scattering mechanism by the plasmonic nanoparticles surface that 
leads to an enhancement of the optical absorption through increasing the average path length of photons 
in the composite structure. 
1.3.2. Plasmonic near-field energy transfer 
So far, plasmonc Local electromagnetic field enhancement (LEMF) and near-field energy 
transfer has been presented to have major contribution for enhancing photocatalytic efficiencies 
in plasmonic photocatalyst systems 3 15 16 20 21 22 23 24.  Local electric field enhancement is an 
immediate effect of localized surface Plasmon resonance and interaction of semiconductor with 
the LSPR-induced electric fields at the metallic nanostructure results in permeating strong 
electric field into the neighboring semiconductor that allows for selective formation of carriers in 
the near surface region of semiconductor (Figure 1.4.). It is clear that the most efficient carrier 
generation happens when the LSPR frequency of plasmonic nanostructure highly overlaps with 
absorption maxima of semiconductor. The photogenerated carriers are readily separated and are 
available for performing photocatalytic redox reactions as they are close to semiconductor 
surface and therefore carrier recombination is less likely. The enhancement factor ((E/E0)2) is 
proportional to the ratio of the local electric field amplitude |E| to the original electric field |E0|. 
This mechanism is often where plasmonic nanostructure and semiconductor are separated by the 
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dielectric layer, which prevents direct contact and carrier exchange between metal and 
semiconductor. Intensity of the electric field is spatially non-homogenous with highest intensity 
at the nanoparticles surface and exponential decay by increasing the distance from surface of the 
nanoparticle. Therefore, there is strong electric field at the interface of the metal nanostructure 
and semiconductor that boosts optical transition and consequently rate of carrier generation 
within semiconductor by a roughly linear relationship 19.  
 
Figure 1.4. Typical optical simulations of different structure showing SPR-enhanced electric fields owing 
to photo-excited Au particles, permeating into a underlying TiO2 substrate 21 (a) and nominal TiO2 spacer 
layer between Au and GaP substrate 24 (b). The color bar shows electric field intensity normalized by the 
light source intensity (|E|2/|E|02). 
1.3.3. Non-radiative plasmon decay into hot carriers 
The term hot-electrons refers to the electrons generated as a result of illuminating 
materials with highly energetic photons with energies exceed the work function of the material. 
These incoming photons usually have wavelength in the UV region, and the hot electrons with 
energies higher than work function of the material can be emitted results in producing 
photocurrent. As the most part of the solar spectrum fall into the visible and near-IR regions with 
less energetic photons that causes practical application of this effect to be impossible. However, 
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the recent discovery in the field of plasmonic revealed that the hot-electrons can be generated in 
the plasmonic structures utilizing photons with energies in visible region 1 2 25 26. After LSPR-
excitation in plasmonic structures, plasmon decay takes place in femtosecond time scale 
releasing its accumulated energy either in radiative or non-radiative form. The radiative palsmon 
decay results in near-field enhancement. Non-radiative Plasmon decay, however, involves in 
energy transfer to the electrons through intraband excitations or through interband excitations 
resulting from transitions between other bands (for example, d bands) and the conduction band. 
This generates highly energetic hot-electrons that can be extracted to produce photocurrent or 
drive photocatalytic process.  
The generated hot-electrons have very short life time due to electron-phonon interactions 27, and 
other fast relaxation processes. Hence, hot carriers need to be harvested on femtosecond to 
picosecond timescales. Employing Schottky barrier has been well-adopted approach for 
harnessing hot carriers in plasmon-based device for different applications 28 29 30 31 32 33 34 35. This 
approach involves charge (hot-electron) injection from metal nanostructure to the conduction 
band of neighboring n-type semiconductor. If the size of the nanoparticles is big enough for that 
size-dependent bandgaps is negligible (the metal nanoparticles has continuous band structure and 
follow the Fermi–Dirac distribution), hot electron injection involves three steps, as is shown in 
figure 1.5. For n-type semiconductor with direct electrical contract with the metal nanoparticles, 
upon illumination of nanoparticles at the SPR wavelength, the generated hot-electron with 
energy higher than Schottky barrier feed into the CB of the neighboring semiconductor (Fig. 
1.5a). As a result, the energy states of electrons are changed back to the Fermi–Dirac 
distribution, but at a higher Fermi level (E’f>Ef) (fig. 5b). Electron with energy >Ef continues 
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feeding into the conduction band and after complete decay of surface plasmon energy, the 
electrons in the metal nanoparticle return to the standard Fermi–Dirac distribution (fig. 1. 5c). 
 
Figure 1.5. LSPR sensitization effect results in direct electron transfer from metal nanoparticles to 
the n-type semiconductor 19. 
Figure 1.6 represents a schematic of plasmon-induced hot-electron injection over Schottky 
barrier of the neighboring semiconductor to drive water splitting reaction.  
 
Figure 1.6. Mechanism of SPR-induced charge transfer with approximate energy levels on the NHE 
scale. Dashed red lines refer to the water-splitting redox potentials. (i) Electrons near the metal Fermi 
level, Ef are excited to surface plasmon (SP) states; (ii) the electrons transfer to a nearby semiconductor 
particle; (iii) this activates electron-driven processes such as the hydrogen-evolution half-reaction 3. 
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In chapter 2, I present detailed look at our recent findings on direct plasmon-driven 
photoelectrocatalysis of water through efficient hot-electron generation and direct injection from 
a novel architecture that avoid a Schottky interface for harvesting hot-electrons 4.   
In chapter 3, I describe a simple developed strategy for preparing free-standing through-
hole UTAMs for efficient sub-100 nm nanoarray fabrication that can be generalized to any 
substrate and material 6. In this regard, a typical fabricated plasmonic photocathode consisting 
sub-50 nm Au nanoarray is successfully applied for direct plasmon-enhanced 
photoelectrocatalysis of water.  
Finally, chapter 4 incudes device fabrication and methods used to conduct experiments 
and measurements to obtain the results in chapter 2 and 3. This chapter also explains the 
theoretical method to support the experiment.   
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Chapter 2: Direct plasmon-driven photoelectrocatalysis 4 
2.1. Introduction 
Plasmonic metal nanostructures are currently receiving considerable attention in the quest for 
efficient solar-to-fuel energy conversion, in large part owing to their unique light harnessing 
capabilities associated with their localized surface plasmon resonance (LSPR) features 3 17 18 20 21  28 
32 36 37 38 39 40  41. LSPR-assisted solar-to-fuel energy conversion 3 19 42 has been shown to utilize three 
primary mechanisms, (I) elastic light scattering by plasmonic particles, (II) plasmonic near-field 
energy transfer 20, and (III) non-radiative plasmon decay into hot carriers 32 43 44 45 46 47 48 49. In 
particular this last mechanism is emerging as a hot topic, since the utilization of hot carriers to 
drive chemical reactions may open up pathways that are inaccessible by conventional methods 
such as heating or applying an electrochemical bias 2 26. Past demonstrations of hot-carrier 
utilization focused on employing a Schottky barrier for hot-electron extraction. In this scenario, 
only hot-electrons with sufficient energy to overcome the Schottky barrier can be collected from 
the conduction band of the semiconductor 28 32 40 29 and spatially separated from the holes left 
behind in the metal nanostructure. Such Schottky barriers have been the central building block 
for harnessing hot carriers in plasmon-based photodetectors 50 51, sensors 52, photovoltaic and 
photocatalytic devices 2 26 53 54 55.  
Herein, an alternative architecture is described to achieve efficient and direct injection of hot 
electrons from plasmonic gold nanoparticles to adsorbed water molecules for solar water 
splitting in a Schottky junction-free device. Fig. 2.1 shows our plasmonic photoelectrode 
structure. Here, a selective transport layer facilitates carrier separation. The resulting enforced 
confinement of electrons within the nanoparticles opens up a new pathway for direct injection of 
hot electrons into the unoccupied orbitals of adsorbed water molecules. The present architecture 
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is also designed to maximize light absorption within the layer of small gold nanoparticles. It is 
inspired by optical impedance matching concepts 5 56, where the optical function of NiOx is to 
serve as a wide bandgap spacer layer between the plasmonic nanoparticles and the aluminum 
back reflector. The spacer layer thickness can be adjusted to achieve maximum absorption within 
the gold nanoparticles based on electromagnetic simulations. Two samples consisting of Au 
hemispheres with distinct dimensions: (i) 30 nm diameter, 6 nm thick, and (ii) 10 nm diameter, 2 
nm thick were investigated. Henceforth those will be referred as 30 nm and 10 nm diameter 
particles, respectively.  
 
 
Figure 2.1. Structure and mechanism of operation of our plasmonic photocathode for plasmon 
mediated direct electron injection to drive solar-to-chemical energy conversion. a) Schematic of 
plasmonic photocathode for solar water splitting, consisting of Au nanoparticles with heterogeneous 
particle size distribution in direct contact with water, p-NiOx as an electron blocking layer and aluminum 
as the electrode material. b) Simulated field distribution withing photocathode architecture consisting 
heterogeneous particle size distribution (average 10 nm, 2 nm thick) upon illumination and phenomena 
happening therein.   
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The utilization of hot electrons has generally been hampered by their extremely short 
relaxation lifetimes due to electron-phonon interactions 27 and other fast relaxation processes. 
Hence, hot carriers need to be harvested on femtosecond to picosecond timescales. Recent work 
in the area of solar water splitting 21 and photocatalytic CO2 reduction 22 has begun to investigate 
the efficiency and the lifetime of hot-electrons generated via plasmon decay at 
semiconductor/metal Schottky interfaces. Kim et al. 39 studied Au particles larger than 50 nm and 
observed that the quality factor of the plasmon resonance is directly related to the photocatalytic 
activity of the particles. Qian et. al. 57 found that small plasmonic Au particles cannot inject a 
sufficient number of hot electrons into the conduction band of TiO2 to raise the energy level 
sufficiently to drive the hydrogen evolution reaction (HER). DuChene et. al. 45 found an 
increased lifetime of excited-state carriers in plasmonic Au/ TiO2 heterostructures compared to 
bare TiO2. And recently, plasmon-induced hot carrier generation has culminated in a report 
demonstrating an autonomous device for solar water splitting based on a plasmonic gold nanorod 
array/TiO2 Schottky junction 32. Unfortunately, the injection efficiency of hot carriers at a 
Schottky interface is extremely low, in large part owing to the momentum mismatch of hot 
electrons traversing the junctions 58. Therefore, novel architectures that avoid a Schottky 
interface can potentially improve the efficiency of hot electron devices. The efficiency could be 
further increased if momentum conservation can be relaxed, e.g. by hot electron injection from 
small-sized plasmonic particles into molecules. Smaller metal nanoparticles are also 
advantageous since they facilitate the efficient decay of plasmons into energetic hot carriers 27. 
From an optical perspective small plasmonic particles, however, have a smaller absorption cross 
section than larger particles making it challenging to achieve complete light absorption, and 
correspondingly efficient hot carrier generation, within these particles. From an electrical 
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standpoint charge recombination must be avoided by fast separation of oppositely charged 
carriers. The present device is a novel plasmonic photoelectrode architecture that achieves a 
combination of high optical absorption within small Au NPs, efficient charge separation by a 
hole-transporting but electron-blocking layer, and efficient hot carrier injection into adsorbed 
water molecules. 
2.2. Results and Discussions 
Figure 2.2 shows the energy schematic of our structure. Here, sun light resonantly excites 
plasmons in gold nanoparticles, which subsequently decay into hot electrons. The hot electrons 
are directly injected into water molecules to drive the hydrogen evolution reaction. The 
electronic function of the NiOx layer 59 is to block electron transport while allowing for hole 
transport to the aluminum back electrode and further through the external circuit to the platinum 
counter electrode.  
 
Figure 2.2. Energy schematic and mechanism of operation of our plasmonic photocathode for 
plasmon mediated direct electron injection to drive the hydrogen evolution reaction. Small metal 
nanoparticles facilitate the efficient decay of plasmons into hot carriers. Here the hot electron is directly 
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injected into water molecules to drive the hydrogen evolution reaction. A NiOx layer blocks electron 
transport while allowing hole transport to the platinum anode. Note that this novel plasmon-induced hot 
carrier generation mechanism for water splitting does not rely on a semiconductor/metal Schottky 
junction to collect hot-electrons. 
Figure 2.3 Shows SEM images of the Au nanoparticles formed from annealing different 
thicknesses (2 nm, 6 nm, 10 nm) of Au films on NiOx and the insets show the corresponding 
particle size distributions. We found that evaporation of a nominal thickness of 2 nm Au on top 
of a 40 nm thick NiOx film and subsequent annealing results in the formation of well-separated 
particles with a diameter of 10 nm and a narrow particle size distribution (Fig. 2. 3a). For 6 nm 
thick Au, particle diameters around 30 nm with a broader particle size distribution (Fig. 2. 3b) 
were obtained. However this distribution does not contain the smallest particle diameters (i.e. 2 
to 5 nm diameter Au NPs) that are only present in the 2 nm thick evaporated Au films. When the 
evaporation thickness is increased to 10 nm, large gold nanoislands with typical sizes larger than 
150 nm were formed after annealing of the sample (Fig. 2.3c). 
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Figure 2.3. SEM images and corresponding particle diameter distributions for particles formed from 
the deposition of a 2nm (a), 6nm (b), and 10 nm (c) thick Au film on 40 nm thick NiOx spacer layer.  
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Figure 2.4. Photocatalytic performance of our structures. a) Comparison between measured IPCE (left 
axis) and simulated absorbed fraction (right axis) versus wavelength in 2nm (blue) and 6 nm (red) thick 
gold nanoparticles. Note, electromagnetic simulations of the absorbed fraction were performed for gold 
nanoparticles with 10 nm (2nm thick) and 30 nm diameter (6 nm thick), respectively. The spectral 
dependence of simulated and experimental data shows convincingly that the photocurrent originates from 
plasmon-induced hot carriers within the gold nanoparticles. b) Photocurrent generated from a plasmonic 
photocathode decorated with 2 nm thick particles in nitrogen-purged, 0.5M Na2SO4 electrolyte buffered at 
pH 5.2. The total white light illumination intensity was 100 mW cm-2. The photocurrent was measured in 
a three-electrode photoelectrochemical cell configuration with a Pt mesh as the counter electrode, and is 
plotted versus the reference hydrogen electrode (RHE). The scan rate was 2 mV/s.  
To investigate the mechanism of plasmon mediated photocatalysis in the present Schottky 
junction-free plasmonic photocathode, wavelength-resolved photocurrent measurements were 
performed in a range from 375 nm to 950 nm. These measurements were performed in a three-
electrode photoelectrochemical cell in a nitrogen-purged solution of 0.5 M Na2SO4 buffered at 
pH 5.2. The photocathode consisted of NiOx/Al samples decorated with polydisperse Au 
nanoparticle size distributions (with diameters of most frequent occurrence) centered around 10 
nm and 30 nm, respectively (see experimental and methods for detailed fabrication process). A 
proper insight into the possibility of direct hot-electron generation and injection into water after 
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non-radiative plasmon decay can be gained by comparing the wavelength-resolved incident-
photon-to-current conversion efficiency (IPCE) with numerically simulated absorption spectra. 
This comparison is provided in Fig. 2.4a. For both samples (10 nm and 30 nm diameter Au NPs) 
the measured IPCE maxima match with the simulated absorbed fraction within the gold NPs. 
The measured IPCE for 30 nm Au NPs is approximately three times as large as that of the 10 nm 
Au NPs. We performed electromagnetic simulations of light absorption within the gold 
nanoparticles using the finite difference time domain (FDTD) method. For our electromagnetic 
simulations we chose the most frequently occurring particle diameters in our samples (30 nm and 
10 nm, respectively) based on the experimentally determined particle size distribution in our 
scanning electron microscope (SEM) images shown in Fig. 2.3. Both numerical structures 
employ gold nanoparticles with an anisotropic shape with a 5:1 diameter-to-thickness aspect 
ratio (30 nm: 6 nm and 10 nm: 2 nm, respectively). The anisotropic shape is the reason for the 
plasmon resonance being shifted to the near-infrared around 800 nm. Finite difference time 
domain (FDTD) simulations was performed to maximize light absorption within the 30 nm 
diameter, 6 nm thick gold nanoparticles by optimizing the NiOx spacer layer thickness.  
The numerical absorbed fraction reaches about 80% for the 30 nm particles and about 50% for 
the 10 nm particles for the same NiOx spacer layer thickness of 40 nm (Figure 2.5.). The 
absorbed fraction in the 10 nm Au NPs could be similar high as for the 30 nm Au NPs by 
employing an 80 nm thick NiOx spacer layer (Fig. 2.5a) but here we decided to keep the NiOx 
film thickness the same in order to keep the electronic properties for both samples the same. As 
expected, the simulated absorbed fraction within the Au NPs shows increased absorption for both 
samples at wavelengths below 525 nm due to interband transitions from the occupied d-band. 
However, the absorption due to interband transitions does not result in a measurable cathodic 
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photocurrent in the 450 nm to 550 nm wavelength region. The reason is that electrons excited 
from the d-band are promoted to unoccupied states near the Fermi level, and therefore are not 
energetic enough to drive the hydrogen evolution reaction (see Figure 2.2.). We observe a small 
photocurrent below 425 nm close to the band gap of NiOx, which can be attributed to light 
absorption in the NiOx.  
 
Figure 2.5. The simulated absorbed fraction of light within the Au NPs for a) 2 nm and b) 6 nm 
thick Au NPs versus thickness of NiOx. Both numerical structures have gold nanoparticles with an 
anisotropic shape, but the 5:1 diameter-to-thickness aspect ratio is maintained (30 nm: 6 nm and 10 nm: 2 
nm, respectively). 
We performed control experiments to establish that the measured photocurrent arose from a 
direct electron transfer from Au NPs to protons in water, rather than from any enhancement in 
the NiOx. Cyclic voltammetry measurements were carried out in structures with and without Au 
nanoparticles. At an electrode potential of 0V vs. RHE, we observed photocurrents of 25 µA/cm2 
with Au NPs (Fig. 2. 4b) and 0.250 µA/cm2 without Au NPs (Fig. 2.6a), respectively. Thus, the 
photocurrents without Au NPs are ~100x smaller than with Au NPs. We also conducted 
wavelength-resolved photocurrent measurements of our NiOx/Al samples without Au NP in the 
wavelength range from 375 nm to 900 nm at an electrode potential of -0.1 vs. the RHE. No 
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photocurrent was observed from 500 nm to 900 nm demonstrating that the photocurrent observed 
in the Au-containing structure does not originate from defect or trap states in the NiOx. However, 
a photocurrent of approximately - 0.25 µA/cm2 is found at 375 nm, which is near the bandgap of 
NiOx (Fig. 2. 6b).  
 
Figure 2.6. Control experiment for NiOx/Al structure without Au nanoparticles. a) Current versus 
potential behavior of NiOx/Al under chopped illumination at one sun (100 mW/cm2) immersed in a 
nitrogen-purged solution of 0.5 M Na2SO4 buffered at pH 5.2. A three-electrode photoelectrochemical 
cell was used with a Ag/AgCl (in sat. 3.0 M KCl) and a Pt mesh as the reference and the counter 
electrode, respectively. The photocurrent is approximately 0.08 µA/cm2 at an electrode potential of 0.3 V 
vs. RHE and reaches 0.250 µA/cm2 at 0V vs. RHE. The scan rate was 2 mV/s. b) Calculated internal 
quantum efficiency (IQE) and measured wavelength-resolved photocurrent for a NiOx/Al control 
experiment. The symbols show the internal quantum efficiency (left axis), and the solid line (right axis) 
shows the measured photocurrent. Photocurrent measurements were taken at a low cathodic overpotential 
of -0.1 V versus the RHE and at a pH of 5.2. 
We also performed Mott Schottky measurements of our 40 nm thick NiOx film (Appendix E), 
and found that the material is intrinsically p-type with a hole concentration of 1018-1019 cm-3 and 
its flat band potential lies very close to the Fermi level of gold. This means, the Fermi level of 
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the gold nanoparticles is very close to the valence band of NiOx and thus no charge transfer to a 
trap state near the conduction band (which is almost 3.5 eV away (see Appendix E) can be driven 
by a plasmon resonance of 800 nm (≈ 1.55 eV). 
Given that these control experiments did not produce appreciable photocurrents, we propose 
the following mechanism for the observed IPCE of 0.1 %: Light absorption is enhanced by 
exciting localized surface plasmon resonances in a gold nanoparticle/spacer/reflector geometry. 
Plasmon quanta decay into electron-hole pairs. The plasmon resonance frequency of our 
photocathode lies at around 800 nm – 825 nm, thus we expect a maximum energy of ~1.55 eV 
for hot-electrons generated from the surface plasmon resonance. The electrons possess a non-
equilibrium Fermi-Dirac distribution where the tail of the distribution has enough energy to 
overcome the energy barrier required for driving the hydrogen evolution reaction with a redox 
potential that lies at excitation energy of about 1 eV above the Fermi energy of the Au NP. In 
other words, hot electrons with energies greater than 1 eV plus the required overpotential should 
be able to transfer directly into the unoccupied states of the reactant species and thus result in the 
initiation of the photocatalytic HER. The favorable band edges of p-NiOx allow for hole transfer 
while blocking electron injection. The holes collected by NiOx are then collected by underlying 
aluminum and transported to the counter electrode to balance the reaction. Although the nature 
of carrier transport in NiOx has not been fully unraveled, a growing consensus supports the small 
polaron hopping mechanism 60.  
Figure 2. 4b shows the current versus potential of a plasmonic photocathode decorated with 10 
nm diameter nanoparticles under chopped illumination at one sun (100 mW/cm2) immersed in a 
nitrogen-purged solution of 0.5 M Na2SO4 buffered at pH 5.2. A three-electrode 
photoelectrochemical cell was used with Ag/AgCl (in sat. 3.0 M KCl) and a Pt mesh as the 
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reference and the counter electrode, respectively. The photocurrent is approximately 2.6 µA/cm2 
at 0.5 V vs RHE and reaches 24 µA/cm2 at zero versus the RHE. We also performed 
chronoamperometry measurements at -0.1 V vs. RHE and observed a photocurrent of 26 µA/cm2 
for 30 nm diameter Au NPs and of 13 µA/cm2 for 10 nm diameter Au NPs at a light intensity of 
100 mW cm-2 (Figure 2.7.). These observed photocurrents are on a par with a recently 
demonstrated large catalytic surface area TiO2-coated plasmonic gold nanorod array Schottky 
junction geometry that in addition added platinum nanoparticles to catalyze the HER reaction 32.  
 
Figure 2.7. Photocurrent density response of plasmonic photocathode decorated with 2 nm thick 
(10 nm particle size) (a) and 6 nm thick (30 nm particle size) Au NPs (b), under chopped illumination (at 
a light intensity of 100 mW cm-2) and at a low cathodic overpotential of -0.1 V versus the RHE. Nitrogen-
purged 0.5 M Na2SO4 buffered at pH 5.2 was used as the electrolyte solution. Ag/AgCl (in saturated 3.0 
M KCl) and a Pt mesh were used as a reference and counter electrode, respectively. 
The absorption spectrum of a plasmonic device is generally influenced by the size, shape, 
environment and distribution of the plasmonic particles and thus these are important parameters 
for tuning plasmon-mediated catalysis. These parameters do not only affect the wavelength of 
the plasmon resonance but also the efficiency of hot carrier generation and injection 2, 27, 61. In 
Figure 2.8., a comparison of the internal quantum efficiency (IQE) for 10 nm diameter and 30 
nm diameter Au particles is presented. The solid curve shows the internal quantum efficiency 
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(left axis), and the symbols (right axis) show the measured photocurrent. The IQE was calculated 
from the measured photocurrent and the measured absorbed fraction (Fig. 2.9.).  
 
Figure 2.8. Comparison of the internal quantum efficiency (IQE) for small (10 nm diameter, 2 nm 
thick) and large (30 nm diameter, 6 nm thick) Au particles with the same plasmon resonance 
wavelength. The solid curve shows the internal quantum efficiency (left axis), and the symbols (right 
axis) show the measured photocurrent. We find that the IQE is comparable for small and large particles, 
suggesting that hot electron generation and injection efficiencies are similar and quantum size effects (i.e. 
wavefunction spill out) are not important for our 10 nm diameter gold particles.  
The IQE for 10 nm and 30 nm diameter particles is the same, demonstrating that both size 
particles are equally efficient in terms of hot electron generation and injection. The observation 
of an identical IQE for these two different particle sizes is surprising in light of recent results 
from Manjavacas et al 27. These authors studied the hot electron generation efficiency as a 
function of the carrier lifetime and the particle size. A general feature of such a mechanism is 
that longer lifetimes result in the generation of hot carriers with large energies while larger 
diameters produce less energetic electrons at a fixed lifetime. Since the energy distribution of the 
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hot electrons can dramatically change by simply varying any or both of these parameters, the 
diameter of the Au NP should have a significant influence on the internal quantum efficiency. 
Manjavacas et al. have theoretically found that for 10 nm diameter spherical silver nanoparticles 
plasmons decay into the most energetic hot carriers. Here, we conclude that in our experimental 
work, in which we investigated a different particle shape, material and environment compared to 
the work of Manjavacas et al., quantum effects do not play a significant role when decreasing the 
diameter of our asymmetrically shaped gold nanoparticle distributions from 30 nm to 10 nm. The 
IQE reaches about 0.2 %, and the hot electron generation and injection efficiency are the same at 
longer wavelengths from 675 nm to 900 nm for our particle distributions centered around 10 nm 
and 30 nm, respectively.  
Interestingly, we observe a small photocurrent and an IQE of 0.02% in the 575 nm to 650 nm 
wavelength region for the 2 nm thick Au NPs but not for the 6 nm thick Au NPs. We attribute 
the photocurrent and the IQE in this wavelength region to the 2 nm to 5 nm diameter particles 
that are only present in our 2 nm thick Au NP samples, but not in the 6 nm thick Au NP samples. 
The measured IQE in this wavelength region is ten times lower than in the region above 650 nm, 
and the particle size distribution from the SEM image suggests that about one third of the 
particles have diameters smaller than 5 nm. Therefore, our data suggest that the IQE on a per-
particle basis, i.e. the hot electron generation and injection efficiency per particle, is not 
enhanced for 2 to 5 nm diameter particles. For samples decorated with larger Au islands from 10 
nm thick evaporated Au films, we observed only a small photocurrent less than 0.5 μA/cm2. 
These observations are consistent with predictions that larger size particles do generate less 
energetic hot carriers 27. 
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We employed a heterogeneous particle size distribution on top of our spacer/reflector electrode 
to achieve broadband light absorption, in contrast to the simulated monodisperse 30 nm diameter 
Au particles which only support light absorption in a relatively narrow region with a FWHM of 
100 nm centered around 830 nm. The numerically calculated absorbed fraction for a periodic 
array of monodisperse 30 nm diameter gold nanoparticles can reach approximately 80 % within 
the Au NPs and 95 % in the total structure around 830 nm (FWHM of 100 nm) (see Figure 2. 
9a). The absorbed fraction could be further enhanced by e.g. coating the Au NPs by another 
dielectric material that better fulfills the critical coupling condition 5. Experimentally we 
fabricated a heterogeneous particle size distribution with Au NP diameters of most frequent 
occurrence around 30 nm by annealing 6 nm thick Au films on top of NiOx. Measurements from 
SEM images show that the distribution of particle diameters varies from 10 nm to 80 nm. As 
expected from the broad particle size distribution, we observe a substantial spread in particle 
plasmon resonances leading to a substantial broadening of the experimentally measured absorbed 
fraction curve. In Figure 4a we show the measured total absorbed fraction in air of photocathodes 
with 6 nm thick Au NPs. These samples appear blue in color. As can be seen from the measured 
absorption data, the photoelectrode is an efficient light absorber at wavelengths above ~ 500 nm. 
We also show the simulated total absorbed fraction for a photocathode in water employing a 
periodic array of 30 nm, 20 nm, 10 nm diameter gold particles with a separation of 15 nm, 10 
nm, 5 nm, respectively. Our simulations qualitatively support the notion that broadband 
absorption is possible in these structures. The simulations also show that there is no plasmon 
resonance peak below 600 nm, in agreement with the experimentally observed low photocurrent 
in that wavelength range. 
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Figure 2.9. Experimentally measured total absorbed fraction for photocathode with 6 nm thick and 
2 nm thick Au nanodisk in air versus simulated absorbed fraction of 6 nm thick and 2 nm thick Au 
nanodisk with different particle diameters. a) Solid black line: experimentally measured total 
absorption for photocathode in air with 6 nm thick Au nanodisks. Colored lines with symbols: simulated 
total absorbed fraction for a photocathode in water employing a periodic array of 10 nm, 20 nm, and 30 
nm diameter gold particles with a separation of 5 nm, 10 nm, and 15 nm respectively. b) Solid black line: 
experimentally measured total absorption for photocathode in air with 2 nm thick Au nanodisks. Colored 
lines with symbols: simulated total absorbed fraction for a photocathode in water employing a periodic 
array of 2 nm, 5 nm, 7 nm, and 10 nm diameter gold particles with a separation of 1 nm, 2.5 nm, 3.5 nm, 
and 5 nm respectively. The diameters of particles were chosen based on the calculated particle size 
distribution from SEM characterization.  
 
Figure 2.9b shows the measured total absorbed fraction in air of photocathodes with 2 nm 
thick Au NPs. The samples with 2 nm thick Au NPs appear brown-reddish in color. The smaller 
absorbed fraction within the Au NPs is expected from our electromagnetic simulations and could 
be improved to similar values as for the 6 nm thick Au NPs by adjusting the NiOx spacer layer 
thickness to 80 nm (Supporting Information S9). However here we opted to keep the electrical 
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properties of the two photoelectrode geometries the same and therefore did not alter the NiOx 
thickness. The SEM image of 2 nm thick Au NPs (Fig. 2.3.) yields a particle size distribution 
varying from 2 nm to 20 nm. Generally, as the particles become more isotropic i.e. the aspect 
ratio of diameter to thickness tends towards unity, the plasmon resonance of the particles will 
blue-shift. Thus, for a random distribution of particles with diameters ranging from 2 nm to 20 
nm and a thickness of 2 nm, the plasmon peaks cover a region from around 600 nm to 900 nm. 
The strongest plasmon peak is located around 800 nm since nanoparticles with 10 nm diameter 
have the highest occurrence. In addition smaller particles cause significantly smaller absorption 
because of their decreased volume.  
Experimentally we observed a large broadband absorption feature from 400 nm to 550 nm for 
the 2 nm thick Au NPs sample which looks somewhat more pronounced than for the 6 nm thick 
Au NPs, and the 6 nm thick Au NPs sample shows unexpected low absorption around 400 nm. 
Absorption in this region is due to the inter-band transitions in Au NPs and does not contribute to 
the generation of electrons that are energetic enough to drive the HER. Again our 
electromagnetic simulations qualitatively support broadband absorption, and show that no 
plasmon resonance peak exists below 600 nm, not even for the smallest isotropic Au NPs in our 
2 nm thick Au NP samples. We therefore speculate that the small photocurrents that are present 
in the region from 575 nm to 650 nm for the 2 nm thick Au NPs with diameters in the range from 
2-5 nm, but not for the 6 nm thick larger diameter Au NPs, could be due to quantum confinement 
effects 62, 63. 
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In summary, a new approach towards plasmon mediated hot-electron generation for solar-to-
chemical energy conversion has been presented. The present device is capable of efficient direct 
hot electron injection for photocatalysis, and the produced photocurrent is similar to that of 
recent reports32 for driving the hydrogen evolution reaction, but in contrast to previous designs, 
the device architecture possesses a relatively small catalytic surface area (basically a planar 
geometry), it does not utilize expensive platinum as a co-catalyst, it uses a minimum amount of 
gold, and importantly, it does not rely on a Schottky junction to collect the hot-electrons, thereby 
opening possibilities for cheaper, simpler and more efficient devices. 
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Chapter 3: Ultra-thin AAO membrane as a generic template for 
sub-100 nm nanostructure fabrication 6  
3.1. Introduction  
Since pioneering works by Masuda et al. 64 65, anodic aluminum oxide (AAO) membranes 
with regularly arrayed of monodisperse pores are well-adopted template for simple and cost-
effective, yet high-throughput top-down nanofabrication 66 67 68 69 70 71 72 73 74 75. Meanwhile, the 
advantages of nanoimprint lithography has been exploited to further control the shape, size and 
geometry of the pores 76 77 78 79 80 81. Regarding template-based nanofabrication, alumina 
membrane possessing adjustable pore and cell size were successfully realized as evaporation 
mask for nanoarray fabrication mainly on Si substrate 65 69 82 83 84 85 86. However, nanoarray 
fabrication with sub-100 nm feature remains challenging due to shadowing effect 69 as it requires 
ultrathin alumina membrane (UTAM) to minimize the aspect ratio of pores (typically less than 6) 
for efficient material deposition through the channels 69. Here the main challenge is proper 
handling and intact transfer of very fragile UTAM onto substrate of interest. A common practice 
to address this issue is exploiting a thin supportive layer, normally PMMA (poly (methyl 
methacrylate)), on UTAM. However, removal of organic layer and transfer of UTAM onto 
substrate without breaking, cracking, folding and ripping is still problematic. Additionally, 
organic residues left from dissolving polymeric layer are potential source of surface 
contamination. Besides, this approach is not applicable to susceptible substrates that are not 
chemically compatible with utilized organic solvents for removal of organic supportive layer. 
Because of these issues, nanoarray fabrication with sub-100 nm dots sizes has been mainly 
restricted to Si substrate 65 82 87 because of its chemical compatibilities and very smooth surface. 
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The latter provides good contact area between attached membrane and the substrate that retains 
the membrane on the Si surface via Van der Waals interactions or through surface treatment 71. 
Lastly, although there have been significant contribution on employing AAO membrane to 
develop functional nanostructure, the majority of AAO-based device for feasible applications 
have been fabricated by electrochemical deposition of nanowire and nanorods into long aspect 
ratio channels with large pore sizes 28 70 88 or developing surface-enhanced Raman scattering 
(SERS) active substrate through simple material deposition on thick AAO membrane 89 or as-
fabricated membrane 90. On the other hand, applications of AAO-assisted nanoarray have been 
limited, in particular for nanoarray with sub-100 nm particle size. This can be attributed to 
difficulties for preparing and transferring UTAM and subsequent efficient material deposition 
through membrane, surface contaminations from organic residues, and most importantly 
substrate limitations. The first two concern have been recently addressed by interesting works of 
Meng et al, 71 and Al Haddad et al., 91. Meng et al, 71 demonstrated large-scale fabrication of 
ultrathin AAO free-standing membrane for intact transfer to Si substrate with subsequent sub-
100 nm nanoarray fabrication. Here, the authors had to expensive ion milling for barrier layer 
removing that can also adversely affect underlying substrate. For the work reported by Al 
Haddad et al., 91 the base Al layer and barrier layer removal was performed after intact transfer of 
wafer-scale UTAM to the Si substrate. Although the wet chemical etching using CuCl2/HCl 
solution mixture does not have significant adverse impact on Si substrate, it is very clear that 
developed technique cannot be applied to general substrate, in particular to susceptible thin film 
substrate.  
Here, a simple strategy is demonstrated for preparing free-standing through-hole UTAMs 
for efficient sub-100 nm nanoarray fabrication. The approach can be generalized to any substrate 
 31 
and material. With the help of developed strategy it is possible to fabricate centimeter-scale of 
plasmonic photocathodes consisting size-controlled dense array of sub-100 nm Au and Ni 
nanodots on top of very susceptible substrate of NiOx thin film. In addition, I successfully 
decorated rough substrates of ~ 940 nm thick FTO (33 nm RMS, about 200 nm peak- peak 
surface roughness) and ~150 nm thick ITO (0.8 nm RMS, 7 nm peak-peak surface roughness) 
with highly density of sub-100 nm nanodots array. To test the capability of developed route for 
efficient nanoarray fabrication on general substrate, a typical plasmonic photocathode consisting 
sub-50 nm Au nanoarray was applied for direct plasmon-enhanced photoelectrocatalysis. As is 
demonstrated, the obtained results revealed a great potentials for establishing foundation of 
AAO-based generic nanoarray fabrication for novel applications.  
3.2. Results and Discussions  
Figure 3.1a-f depicts graphical illustration for highly ordered nanoarray fabrication on 
general substrates. This was achieved through developing a simple method for preparing high 
quality of free-standing thorough-hole UTAM floating on water that subsequently is transferred 
to the substrate of interest for material deposition. Highly regular UTAM with initial average 
pore size of 37 nm and interspacing distance of about 100 nm (Fig. 3. 1g) was prepared via a 
modified two-step anodization of high-purity aluminum foil (99.999%) in 0.3M of oxalic acid 65 
92 (see chapter 4 for details of fabrication process). Prior to etching base Al layer, a thin layer of 
polystyrene (2 wt% PS/CHCl3) was coated on alumina surface either through spin coating or 
drop casting. Next, the base remained Al layer was detached in mixture solution of CuCl2/HCl 
with very low quantity of TX-100 additive to reduce surface tension 93 and small quantity of 
HNO3 additive to facilitate dissolution of copper precipitation on UTAM. During etching process 
and afterward the UTAM was handled using plastic strainer. The barrier layer removing and 
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pore-opening process was carried out using a 5% H3PO4 at room temperature for different time 
period to obtain through-hole UTAM with different pore diameters. Then, the film was rinsed 
with DI and was left on strainer to be dried. Usually after etching base aluminum layer, some 
large-sized Al residues are left at the bottom of AAO membrane that makes nanofabrication 
process less efficient in particular on rough substrates. To solve this issue, it is possible to flip 
the film, before removing polymeric layer, such that the face of UTAM with smoother feature 
from electropolishing in first step is placed on substrate.  
 
Figure 3.1. a-f) schematic of preparing free-standing UTAM and subsequent intact transfer to 
substrate of interest for nanoarray fabrication. a) etching underlying Al layer and pore opening b) 
removing polystyrene layer in chloroform c) Floating UTAM on water d) transfer of UTAM onto general 
substrate e) material deposition f) removal of UTAM. g) SEM image of as-fabricated UTAM on Al. The 
initial average pore size is about 37 nm with periodicity of about 100 nm. The FFT result shows perfect 
hexagonal arrangement of the pores. h) Digital image of a free-standing UTAM with sub-300 nm 
thickness floating on water. i) Intact transfer of UTAM to the substrate consisting 40 nm thick NiOx thin 
film prepared on Al/Si.  
The next step is removing PS layer for that a few ml of chloroform gently dropped on the 
film supported by strainer. This is followed by entire immersion of UTAM in chloroform for 
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about 10 min to obtain clean membrane without any organic residues. After complete 
evaporation of the solvent, the strainer gently pushed against water, where surface tension pushes 
the UTAM upward results in detachment of membrane from strainer and floating on water 
(Figure 3. 1c, h). The floating UTAM can be perfectly transferred to substrate of interest (Figure 
3. 1d, i) even without performing any surface treatment. Experimentally, it was observed that 
leaving the sample in tilted angle after transfer process helps for faster drying and better 
adhesion of membrane to substrate because while the water slowly leaves the sample the 
membrane is stretched and sticks perfectly to the underlying substrate. Heating the sample is not 
recommended as it leads twisting, folding and cracks in membrane. As an alternative strategy, 
the through-hole UTAM was supported by retained Al frame at the edges UTAM (Fig. 3. 2.). 
Here the polymer layer was completely removed by immersion of sample in CHCl3 after barrier 
layer removal in H3PO4.  
                 
Figure 3.2. Digital images of free-standing thorough-hole UTAMs (~300 nm thick) supported by 
original Al frame at the edges.   
Similar approach was previously shown to be efficient for transferring large-scale UTAM 
to surface treated Si substrate 71 although expensive ion milling had to be employed for barrier 
layer removing and membrane thinning. However, ion milling can adversely affect underlying 
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substrate, in particular the NiOx thin films under study. In addition, we observed more efficient 
UTAM transfer onto substrates for transfer process carried out in water. Strong adhesion of 
UTAM to substrate is essential for its application as an evaporation mask. It is worthy to mention 
that polymer coating not only impede breaking or ripping UTAM during etching process in 
erosive etching solution, it also limits H3PO4 to only etch the bottom surface of the barrier layer 
that is crucial for controlling pore size 87. In fact, we also performed Al etching process on 
unsupported UTAM in saturated CuCl2 solution followed by removing Al residuals in CuCl2 and 
HCl mixture as highlighted in previous work 81. However, preparing centimeter scale of free 
standing sub-300 nm thick AAO was not productive as for most of cases the AAO broke, 
cracked, or sunk in solution in addition to observing uncontrolled pore opening.  
Figure 3. 1i shows digital image of the UTAM placed on 40 nm thick NiOx film prepared 
on highly reflective substrate of Aluminum. The scanning electron microscopy (SEM) images of 
the UTAM (Figure 3. 3a) shows that the membrane is quite thin with a thickness of about 220 
nm. UTAM was utilized as an evaporation mask for nanoarray on top of NiOx. Figure 3. 3b 
shows an array of Au nanodots on NiOx surface obtained from evaporation of 15 nm Au on 
UTAM. As can be seen, the pore regularity has been successfully transferred to the nanodots on 
substrate. Most of particles are in the range of 40 nm to 57 nm with an average diameter of ~ 50 
nm. From SEM image, the dots does not have perfect spherical cross-section. Such a broad 
particles distribution and distortion of shape of particles should be attributed to the 
misalignments of the hole with the incident Au beam from evaporation source that was placed in 
more than 50 cm distance from the sample in our evaporation set up. In addition, the deviation 
could be due to distortion of ideal circularity of the pores at bottom side of membrane during 
barrier layer removing in H3PO4 94. In order to obtain particles with ideal circular cross-section, 
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we mildly annealed the sample in 400C at air and interestingly found that the particles adopted 
an ideal shape alongside more than 10 nm decrease in average particle diameter and narrower 
size distribution (Figure 3. 3c). In the other word, after annealing the particle diameter reduced to 
36 nm (± 4 nm) with consistent average inter-particle distance of about ca. 64 nm. As expected, 
such a significant decrease in particle diameter was accompanied with an increase in particles 
height. According to figure 2d the average height of the dots after annealing increased to 30 nm. 
Rough calculations showed that increasing the particle height to almost twice of its original 
height in here is in agreement with about 10 nm decrease in particle diameter assuming the same 
volume for particles. The low-magnified SEM images of the sample before and after annealing 
(Fig. 3.4.) revealed that the ordered nanodots are arranged in uniform interval with excellent 
density on surface (ca. 1×1010 cm-2) throughout SEM micrograph.  
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Figure 3.3. Fabrication of highly-ordered Au nanodots array on NiOx with high-density of particles 
and controlling particle geometry. a) Cross-sectional SEM image of UTAM with sub-250 nm thickness 
placed on 40 nm NiOx layer. b) NiOx surface patterned with highly-ordered Au nanodots array with 
average particles size of 49 nm through evaporation of 15 nm Au on UTAM. c) Formation of nanodots 
with ideal spherical cross-section through annealing the pristine sample (b) for 2 hr in 400C at air. After 
annealing, nanodots adopted the ideal shape with spherical cross-section accompanied by more than 10 
nm decrease in particles diameter. d) Oblique-view of the sample after annealing shows average height of 
30 nm for nanodots. Inset in d is digital image of the sample after annealing.  
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Figure 3.4. Large area SEM images of plasmonic photocathode consisting highly-ordered 
Au nanodots showing high density of nanodots on top of 40 nm NiOx. (a) Top-view image of 
nanodots before annealing (see Fig. 3.3b) with average particles size, thickness and periodicity of 
49nm, 15nm, and 100 nm, respectively. Top-view (b) and oblique-view (c) images of nanodots 
after annealing the sample at 400C in air (see Fig. 3.4). The average particles size, thickness and 
periodicity are 36nm, 30nm, and 100 nm, respectively.  
 
 
Particle diameter (nm) 
C
ou
nt 
(c) 
 40 
The size of nanodots were further controlled through controlling pore sizes in H3PO4. 
Figure 3. 5. shows highly-ordered array of nanodots with average diameters of ca. 48 nm, 64 nm, 
and 80 nm, and corresponding inter-particle distance of ca. 52 nm, 36 nm, and 20 nm fabricated 
on 40 nm NiOx via evaporation of 20 nm Au on UTAM. The large-area SEM images (Figure 3.6 
– 3.7.) evidently show uniform interval, narrow size distribution (± 5nm), and excellent density 
of highly ordered dots on NiOx surface to the point that even bumps on underlying NiOx Layer 
with a few hundred-nm heights are decorated with nanodots.  
 
Figure 3.5. Size-controlled fabrication of highly-ordered sub-100 nm Au nanoarray on NiOx 
surface. From a to c, the average particles size are 48nm, 64nm, and 80 nm respectively. For all samples, 
the particles thickness and periodicity were 20nm, and 100nm, respectively.  
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Figure 3.6. (a) Top-view and (b) oblique-view of large area SEM image of plasmonic 
photocathode from consisting ordered arrays of sub-100 nm Au nanodots on top of 40 nm NiOx 
layer. The average particles size, thickness and periodicity are 48 nm, 20 nm, and 100 nm, 
respectively (also see Fig. 3.5a). Interestingly, even small bumps from underlying NiOx layer 
with a few hundred nm heights were decorated with nanodots that indicate the quality of UTAM 
transfer to the substrate.  
 
(b) 
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Figure 3.7. (a) and (b) top-view large area SEM image with different magnification from 
plasmonic photocathode consisting ordered arrays of sub-100 nm Au nanodots on top of NiOx 
layer. The average particles size, thickness and periodicity are 64nm, 20nm, and 100 nm, 
respectively (also see Fig. 3.5b).  Both images represent excellent density of nanodots on surface. 
In particular figure (b) shows complete coverage of nanodots with almost zero number of 
missing dots in arrays. This indicates the capability of developed strategy for prefect, yet neat, 
transfer of UTAM transfer to the substrate of interest for subsequent sub-100 nm nanoarray 
fabrication. 
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In addition, the possibility of controlling the size of particle size through mild annealing 
process was investigated for the initial evaporation thickness of 5 nm of gold. After the 
annealing, interesting nanoarray structure consisting single, dimer, trimer or even pentamer of 
nanodots was found with sub-10 nm gaps and particles size in the range of 5nm to 30 nm. 
(Figure 3.8.). Further adjustment of evaporation thickness can be taken for precise control of 
particles size to develop interesting structures for novel applications.  
 
Figure 3.8. Top-view SEM image of interesting plasmonic nanoarray structure consisting single, 
dimer, trimer or even pentamer of nanodots in the range of 5nm to 30 nm with sub-10 nm gaps 
fabricated on top of NiOx layer from evaporation of 5 nm Au through UTAM and annealing 
afterwards.  
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At this stage, Au mainly was utilized to demonstrate nanoarray fabrication on non-
siliconic substrate. But, the developed strategy is a pragmatic approach to apply AAO-based 
nanoarray fabrication to any material and substrate. To end this, the developed strategy was 
extended for nanoarray fabrication using nickel nanodots on NiOx surface. Exploring plasmonic 
properties of nickel nanoantennas is emerging as a very attractive area of research due to its 
distinct plasmonic features combined with strong magnetic properties 95. Figure 3. 9a shows 
SEM image of nickel nanodots array with sub-100 nm particle diameter on NiOx surface. Recent 
works were shown importance of nanostructured metal oxides (NMOs) as a promising building 
block in fabrication of biosensor 96. Therefore, such a Ni nanodots/NiOx structure might open up 
the pathway to design advanced nanoplasmonic biosensor devices for improving sensing 
characteristics while it can be remotely controlled by external magnetic fields. Next, we 
examined the versatility of the developed methodology for nanoarray fabrication on rough 
substrates of ~ 940 nm thick FTO (33 nm RMS, about 200 nm peak- peak surface roughness) 
and ~150 nm thick ITO (0.8 nm RMS, 7 nm peak-peak surface roughness) of FTO and ITO. 
Figure 3. 9b shows a typical UTAM with thicknesses of about 122 nm transferred onto ~ 940 nm 
thick FTO, while the underlying substrate is beautifully visible. As mentioned before, it is 
observed several micron-sized Al residual on backside of UTAM that impede efficient transfer 
of UTAM to rough substrate. However, it is possible to circumvent this problem by flipping the 
AAO/polymer film, before removing polymer layer, such that its smoother face was ultimately 
placed on the substrate. Then a randomly chosen thickness of 10 nm and 15 nm of Au were 
deposited on FTO, and ITO, respectively. As can be seen in Figure 3. 9c-d, both substrates were 
successfully patterned by dense arrays of hexagonal arranged sub-50 nm particles.  
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Figure 3.9. Exploiting the capabilities of developed methodology for extending nanoarray fabrication to 
different material and substrates. a) Fabrication of sub-100 nm nickel nanodots array on 40 nm 
NiOx/Al/Si substrate through evaporation of 20 nm nickel on UTAM. b) Plain-view and oblique-view 
SEM image of typical UTAM (122 nm thick) successfully transferred onto very rough substrate of ~ 940 
nm thick FTO (33 nm RMS, about 200 nm peak- peak surface roughness) for subsequent nanoarray 
fabrication. c,d) Dense Au nanoarray with sub-50 nm particles size fabricated through evaporation of 10 
nm Au on UTAM/FTO (c) and 15 nm on UTAM/ITO (0.8 nm RMS, 7 nm peak- peak surface roughness) 
(d) substrates.   
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Here it is worthy to emphasize on importance of preserving the quality of underlying 
substrate during nanoarray fabrication. To investigate that, the nanoarray fabrication on NiOx 
substrate was carried out according to routinely used method for removing organic layer after the 
UTAM/organic layer is placed on substrate. Unfortunately, there is considerable damage to 
underlying NiOx layer caused by CHCl3 solvent (Figure 3. 10). In addition, significant decrease 
in density of particles was observed that should be ascribed to micron-sized polymer residues left 
on UTAM, which prevent material deposition into the channel.  
 
Figure 3.10. Au nanoarray fabrication on NiOx substrate was conducted through direct transfer of 
UTAM/PS film onto 40 nm NiOx layer on Al and subsequent removal of PS layer from UTAM 
while the membrane was placed on substrate. As can be seen, there is considerable damage to 
underlying NiOx layer induced by CHCl3 solvent. In addition, significant decrease in density of 
particles was observed that should be ascribed to micron-sized polymer residues left on UTAM, 
which prevent material deposition into the channel.  
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Recent years have witnessed intensive interest of implementing plasmonic nanostructures 
for enhancing the efficiency of light-harvesting devices both for photovoltaic 97 98 56 and 
photocatalysis applications 3 14 20 21 42 99. Recently, plasmonic hot-carrier generation from the 
non-radiative surface plasmon decay has been exploited as a novel approach for solar-to-fuel 
energy conversion 2 26 32 as it promises to open up novel photoreduction pathways that are 
inaccessible by conventional methods such as heating or applying an electrochemical bias. In this 
regard, we recently presented a novel plasmonic photoelectrode architecture consisting of high 
density of gold nanoparticles for direct plasmon-driven photoelectrocatalysis of water through 
efficient hot-electrons generation and injection into adsorbed molecules from a Schottky 
junction-free device 4 (also see Chapter 2 of this thesis).  
Herein, a typical plasmonic photocathode was used for direct hot-electron induced solar water 
splitting to assess performance of developed strategy for feasible applications. Figure 3.11 
illustrates plasmonic photoelectrode structure, consisting of plasmonic nanodots array in direct 
contact with water. The main difference between current device and the device in chapter 2 is in 
employing well-fabricated highly ordered Au nanodots array in instead of randomly oriented 
anisotropic particles. Again, NiOx is regarded as a selective spacer layer with its exclusive 
electrical and optical functions. The electronic function of the NiOx layer is to confine generated 
hot electrons within the nanoparticles while allowing for hole transport to the aluminum back 
electrode and further through the external circuit to the platinum counter electrode. The optical 
function of NiOx is to serve as a highly transparent wide bandgap spacer layer between the 
plasmonic nanodots and the Aluminum back reflector for maximum light absorption within the 
nanoparticles. In addition, NiOx acts as a high-refractive index substrate (n ~ 2.3) that can 
enhance the coupling of light into the substrate over a broad spectral range 100.  
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Figure 3.11. Structure of the highly ordered plasmonic photocathode nanoarray for plasmon 
mediated direct hot electron injection from a Schottky junction-free device to drive solar-to-
chemical energy conversion.  
Figure 3.12 shows experimentally measured total absorbed fraction in air for versus simulated 
absorbed fraction in Au and simulated total absorbed fraction in air for photocathode consisting 
Au nanodots with average diameter of 36 nm and 30 nm thick, and 100 nm center-to-center 
particle distances on 40 nm NiOx layer (sample from Fig. 3.3d). As can be seen the 
experimentally measured total absorption faithfully matches with simulation result in terms of 
absorption pattern and plasmon resonance frequency. In compare with our previous study on 
randomly oriented anisotropic particles with heterogeneous size distribution and broad plasmon 
resonance absorption, the plasmonic photocathode in here exhibit a distinct plasmon resonance 
peak at 650 nm as the well-shaped nanodots are arranged in ordered array with homogenous 
(narrow) particle distribution.  
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Figure 3.12. Experimentally measured total absorbed fraction in air versus simulated absorbed fraction in 
Au and simulated total absorbed fraction in air for photocathode consisting Au nanodots with average 
diameter of 37 nm and 30 nm thick, and 100 nm center-to-center particle distances on 40 nm NiOx layer. 
The experimentally observed plasmon resonance at 650 nm faithfully matches with simulation results. 
 
The numerical absorbed fraction in Au and total absorbed fraction reaches about 85% and 
95%, respectively, at plasmon resonance while the observed total absorption is about 50%. 
Further adjustment of the spacer layer thickness can allow for achieving maximum absorption 
close to unity within the gold nanoparticles based on electromagnetic simulations (Figure 3.13.). 
However, the thickness of NiOx film was kept on 40 nm for the sake of comparison with our 
previous study on randomly distributed particles. As expected, the both experimentally measured 
total absorption and simulated absorbed fraction within the Au nanodots show increased 
absorption at wavelengths below 550 nm due to interband transitions from the occupied d-band.  
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Figure 3.13. Simulated absorbed fraction of light within (a) Au NPs (average diameter of 37 nm and 30 
nm thick, and 100 nm center-to-center particle distances) and (b) total structure versus thickness of NiOx. 
For a 40 nm NiOx spacer layer thickness, the numerical absorbed fraction only in gold and total absorbed 
fraction within photocathode structure reaches about 85% and 95%, respectively.  
The energy schematic of the photoelectrode structure is similar to that of previous structure 
using random nanoparticles except for having different plasmon excitation frequency. Here for 
device architecture consisting highly ordered nanoarray, plasmon excitation happens at around 
650 nm, there fore the energy of plasmon-induced hot electron is ~1.9 eV at most. As the redox 
potential for HER lies at excitation energy of about ~1 eV above the Fermi energy of the Au, hot 
electrons with energies greater than ~1 eV plus the required overpotential should be able to 
transfer directly into the unoccupied states of the reactant species and thus result in the initiation 
of the photocatalytic HER. Similarly, as we observed for our previous device (Fig. 2. 4a), the 
photoexcited carrier due interband transition are not energetic enough to drive HER as the upper 
edge of d-band is located ~ 2.3 eV below Fermi level of Au 101 and therefore for optical 
excitation with wavelength of above 400 nm (maximum energy of ~ 3.1 eV) the electrons 
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excited from d-band are typically promoted to unoccupied states near the Fermi level or 
maximum ~ 0.8 eV above Fermi level.   
Figure 3.14a, shows linear sweep voltammetry measurement of plasmonic photocathode 
decorated with Au dots nanoarray having 36 nm (± 4 nm) diameter and 30 nm height (Fig. 
3.3c,d) under chopped illumination at about one sun (100 mW/cm2) immersed in a nitrogen-
purged solution of 0.5 M Na2SO4 buffered at pH 5.0. Photoelectrochemical measurements were 
performed in a cell with a three-electrode configuration where Ag/AgCl (in sat. 3.0 M KCl) and 
a Pt mesh were the reference and the counter electrode, respectively. The onset photocurrent at 
0.4 V vs RHE is approximately 0.35 µA/cm2 that reaches 8.2 µA/cm2 at zero overpotential 
versus the RHE. The cyclic voltammogram of the plasmonic photocathode under chopped light 
showed consistent photocurrents according to applied biases (Figure 3. 15b). The observed 
photocurrents are less than that of device with randomly distributed particles (Figure 2. 4b, 2. 7). 
This can be explained based on lower fill fraction of nanoparticles along with larger particle 
sizes for the case of nanoarray device. However, the photocurrents extracted from nanoarray of 
particles are still on a par with a recently demonstrated large catalytic surface area of Pt/TiO2/Au 
nanorod array Schottky junction geometry for HER 32. The control experiment for NiOx/Al 
sample without Au nanodots (inset Fig. 3.14) shows a photocurrent of about 0.25 µA/cm2 at an 
electrode potential of 0V vs. RHE. In the other words, the photocurrent from presence of Au 
nanodots array is ~35x larger.  
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Figure 3.14. Photoelectrocatalytic performance of the plasmonic photocathode decorated with 
Au dots nanoarray having 36 nm (± 4 nm) diameter and 30 nm height. (a) Linear sweep 
voltammetry (LSV) measurement under chopped illumination at about one sun (100 mW/cm2) 
immersed in a nitrogen-purged solution of 0.5 M Na2SO4 buffered at pH 5.0. The red line is control 
experiment for sample without Au nanodots. (b) The cyclic voltammogram of the plasmonic 
photocathode under chopped light showed consistent photocurrents according to applied biases. The 
photocurrent was measured in a three-electrode photoelectrochemical cell configuration with a Pt 
mesh as the counter electrode, and is plotted versus the reference hydrogen electrode (RHE).  
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In summary, a simple strategy for efficient nanoarray fabrication on general substrates was 
presented based on UTAM. In this regard, plasmonic nanoarray consisting sub-100 nm nanodots 
were fabricated on various substrates, including NiOx thin film, very rough FTO and ITO 
substrates. The capability of developed methodology for fabrication of photocatalytic devices has 
been presented through direct application of a typical plasmonic photocathode consisting sub-50 
nm nanodots array toward plasmon mediated hot-electron injection from a Schottky junction-free 
device to water molecules for solar-to-chemical energy conversion. This work can provide the 
impetus for AAO-based fabrication of novel nanoarray on general substrates that consequently 
can expand implementation of nanoarray in several fields, such as photovoltaic, photocatalysis, 
nanophotonics and spectroscopy, as well.  
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Chapter 4: Experimental and methods 
NiOx thin film preparation: The precursor sol-gel of NiOx was prepared according to existing 
procedures with minor modifications 59. 0.2M nickel (II) diacetate tetrahydrate (≥99.0% 
Ni(AC)2.4H2O, Sigma-Aldrich®) was dissolved in a 9:1 solution mixture of dimethylethanol 
amine (≥99.0% dmaeH, Sigma-Aldrich®) / mono-ethanol amine (≥98.0% MEA, Sigma-
Aldrich®), and refluxed for about 4 hours at 100°C. After cooling to room temperature, the as 
prepared sol-gel with dark blue color was filtered (Anodisc 0.2micron) and aged 24 hours at 
room temperature before usage. A NiOx film with thickness of about 40 nm was prepared by 
spin-coating at 4000 rpm for 15 seconds (Laurell model WS-650MZ-23NPP-Lite) followed by 
drying the sample on a hotplate at 275°C for 15 minutes with subsequent sintering at 400°C in 
air at one atmosphere in the tube furnace (Mellen SC12.5R). 
Formation of random particles on substrate: prior to evaporation of a gold film on top of the 
NiOx surface, an oxygen plasma treatment was performed for about 5 minutes (200 W oxygen 
plasma cleaner) to clean and ensure decomposition of organics in the NiOx layer. E-beam 
evaporation of a 2 nm, 6 nm, and 10 nm thick film of gold was performed at a base pressure of 
about 5×10-6 torr and a constant deposition rate of 0.1 Å/s. Then, the sample was annealed in air 
at one atmosphere in the tube furnace. During the annealing process, the temperature was raised 
from room temperature to 300 °C within 30 minutes, was held constant for one hour, and 
naturally cooled down to room temperature.  
Fabrication of ultrathin free-standing Anodized Aluminium Oxide (AAO) mask and transfer 
process: Anodized aluminium oxide (AAO) mask with initial pore size of 37 nm and interpore-
distance of 100nm was fabricated through two-step anodizing procedure 65 71. High purity 
Aluminum foil (99.999%, thickness of 0.25 mm, Sigma Aldrich) was first annealed at 400C for 
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about 2hr and degreased with acetone/methanol mixture. This was followed by electropolishing 
of Al foil at 20V in a vigorously stirred solution of 1:4 (V/V) perchloric acid (78%) and ethanol 
(99.99%) at 1°C for about 1min. The average current density during electropolishing process was 
about 60mA. First anodization step was performed at 0.3M Oxalic acid, 40V, 1°C for more than 
12hr. The preliminary oxidized layer was removed in the solution mixture of H3PO4 (6wt %) and 
CrO3 (1.8%) at 80°C for about 4hr. The second anodization was carried out at the same condition 
for less than 3 minutes in order to fabricate ultrathin alumina membrane (UTAM) with typical 
thickness of sub-300nm. Next, a thin layer of polystyrene (2 wt% PS/CHCl3) was coated on 
UTAM either by spin coating or drop casting to support UTAM during etching the base 
aluminum substrate. The sample was then left for 10 min with subsequent heating at 100C to 
evaporate the solvent. Here we utilized PS, instead of PMMA, as it is easier and faster to be 
removed without leaving major residues behind.  
Material deposition through UTAM: Deposition of Au and Ni on UTAM were performed 
using regular e-beam evaporation system where the distance between source and sample was 
more than 50 cm. During evaporation process, the base pressure was kept between 10-5-10-6 torr 
with the deposition rate constantly controlled at 0.2 Å/s.  
Photoelectrochemical measurements: all photoelectrochemical and spectral photocurrent 
measurements of the fabricated plasmonic photocathodes were taken in a three-electrode 
photoelectrochemical cell setup with a Ag/AgCl (in 3.4 M KCl) reference electrode, a Pt mesh 
counter electrode, and with a SP-300 potentiostat (Bio-Logic Science Instruments, USA) with 
LabVIEW version 2011. All measurements were carried out at room temperature and in 0.5 M 
Na2SO4 (trace metal basis, Alfa Aesar) buffered at pH 5.2 using a phosphate buffer (phosphoric 
acid (ACS grade EMD), potassium monohydrogen phosphate (99.99% Sigma-Aldrich®). 
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Aqueous solutions were prepared with ultra-pure water (resistivity 18 MΩ.cm) from a Milli-Q 
water purifier. All electrochemical potentials are reported with respect to the reversible hydrogen 
electrode (RHE) by using the equation: 
ERHE = 0.205+ E Ag/AgCl + 0.059*pH  
Nitrogen gas was bubbled through the electrolyte solution 30 minutes prior to the 
measurements, and during the measurements the headspace above the electrolyte solution was 
continuously purged with nitrogen gas. Electrochemical Impedance Spectroscopy (EIS) was 
performed with an AC amplitude of 10 mV and a frequency range from 10 Hz to 50 kHz in the 
same supporting electrolyte solution. For irradiation of the photocathode, a home-built solar 
simulator equipped with a 1000W Xenon lamp, long pass filters (305 nm, 570 nm and 1000 nm), 
and a monochromator (Newport) provides a continuously tunable light source from 350 nm to 
950 nm with a measured 25 nm full width at half maximum (FWHM). The intensity and spectral 
shape of the solar simulator output were recorded using a thermal power meter and spectrometer 
(AvaSpec-2048-USB2), respectively.  
Absorption measurement: for absorption measurements a 60 mm plano-convex lens (Thorlabs) 
was utilized to focus the light to a spot size of 3 mm in diameter. The reflected/transmitted light 
was collected using an IS200 integrating sphere along with an IS236A Silicon photodetector 
(350 nm to 1100 nm). Since our fabricated structure has no transmittance, all data were taken in 
reflection mode and the absorbed fraction versus wavelength was derived from the reflectance 
data. 
Electromagnetic simulation: the Finite Difference TimType  equation  here.e Domain Method 
was used to analyze the optical response of the nanostructure. Particularly, we employed the 
commercial grade software Lumerical FDTD Solutions 102, which is a 3D Maxwell solver 
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capable of analyzing the interaction of UV, visible, and IR radiation with complicated structures 
and nanometer scale features. Using Lumerical, an array of Au nanoparticles was simulated, and 
we investigated the absorption properties in the 300 nm to 950 nm wavelength regime. For the 
simulation of asymmetrically-shaped nanoparticles with planer geometry in chapter 2, the 
thickness of the particles was set at the evaporation thickness while the diameter was taken from 
the measured histogram of particle size distributions. In the simulation, the polarization of the E-
field was set along the X-axis and the polarization of the H-field was set along the Y-axis. The 
propagation direction of light was set along Z-axis. To simulate an array of nanoparticles, 
symmetric boundary conditions are applied along the X and Y axes. To attain convergence, a 
Perfectly Matched Layer (PML) condition was applied at the positive Z axis, at 1000 nm above 
the (x, y, 0) surface. A PML at the Negative Z-axis, starting at -1000 nm, was extended through 
the structure (in this case Aluminum) for better absorption of light. Hence, the total length of the 
simulation region along the Z-axis is 2000 nm. A plane wave was launched downward from 100 
nm below the upper PML.  
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Appendix A. Spectrum of the light source 
A spectrometer (AvaSpec-2048-USB2) was used to record the spectral output of our solar 
simulator. The black line shows the output of the solar simulator with an AM1.5 filter installed. 
The AM1.5 spectrum is plotted as a reference for comparison (red line).  
                             
Figure A.1. Spectrum of the light source used for our measurements (black line) compared to AM 1.5 
spectrum (red line).  
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Appendix B: XRD characterization of NiOx 
                 
Figure A.2. XRD pattern of NiOx thin film prepared on a Si substrate. All the diffraction peaks can 
be indexed face-centered cubic (FCC) NiOx 7 8 9. A Rigaku SmartLab x-ray diffractometer with Cu x-ray 
tube was used to obtain the diffraction peaks of a 40nm NiOx thin film prepared on a Si substrate.  
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Appendix C: SEM characterization of NiOx 
 
Figure A.3. SEM images of 40nm NiOx thin film prepared on an Al/Si substrate from NiOx sol-gel by 
spin-coating at 4000 rpm for 15 seconds (see fabrication section). According to SEM images the NiOx 
film on top of the Al/Si substrate is uniform, smooth and crack-free.    
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Appendix D: Optical characterization of NiOx 
For optical characterization, a NiOx thin film with a thickness of approximately 40 nm was 
prepared on a glass substrate (Corning 2947 Microslide). The monochromated beam with spot 
size of 3 mm was focused on the sample using a 60 mm plano-convex lens (Thorlabs). The 
reflected and transmitted light was collected using an IS200 integrating sphere along with a 
IS236A Silicon photodetector (300 nm to 1100 nm). We measured the optical 
absorption/transmission spectra within the wavelength range from 300 nm to 700 nm. The 
transmittance was more than 70% over the entire visible region and reaches up to 90% at 700 
nm. Based on the absorption spectra the band gap of NiOx was calculated to be about 3.45 eV.   
                      
Figure A.4. Optical characterization and corresponding digital image of ~ 40 nm thick NiOx thin film 
prepared on top of a glass substrate (Corning 2947 Microslide).  
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Appendix E: Electrochemical impedance spectroscopy 
(EIS) characterization of NiOx 
Electrochemical Impedance Spectroscopy (EIS) was performed on the NiOx sample (without Au 
nanoparticles). Mott-Schottky (M-S) is a well-known technique to determine the flat band 
potential and the carrier concentration at the semiconductor-electrolyte interface 103 104.  
An SP-300 potentiostat (Bio-Logic Science Instruments, USA) with LabVIEW version 2011 was 
used to perform electrochemical impedance spectroscopy on a 40 nm NiOx thin film prepared on 
a 200 nm Al/Si substrate, where a Ag/AgCl (in sat. 3.0 M KCl) reference electrode and a Pt 
mesh counter electrode were used. Measurements were carried out at room temperature with an 
AC amplitude of 10 mV and a frequency range from 10 Hz to 15 kHz. Nitrogen-purged 0.5 M 
Na2SO4 buffered at pH 5.2 was used as the electrolyte. A negative slope of the Mott-Schottky 
(M-S) plot was observed at all frequencies confirming the intrinsic p-type nature of the NiOx thin 
film. The apparent flat band potentials were estimated from the M-S plot at frequencies higher 
than 1 KHz at which surface phenomena can be neglected 105. The apparent flat band potentials 
vary from 0.00 (3.5 KHz) to 0.16 (34 KHz) w.r.t NHE. This means the valance band of NiOx, 
which is typically 0.3 eV below flat band potential, is close to Fermi level of gold. The 
calculated carrier densities for different frequencies are in the range of 1018-1019 cm-3 and are of 
same order of magnitude as the values previously reported for NiOx films obtained with different 
fabrication methods 7 106 107 108.  
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Figure A.5. Mott-Schottky (M-S) plots of 40 nm NiOx/Al/Si sample acquired at high frequencies 
above 1 KHz in Nitrogen-purged 0.5 M Na2SO4 buffered at ~ pH 5. The apparent flat band potentials 
vary from 0.00 (3.5 KHz) to 0.16 (34 KHz) w.r.t NHE. This means the valance band of NiOx, which is 
typically 0.3 eV below flat band potential, is close to Fermi level of gold. The calculated carrier densities 
for different frequencies are in the range of 1018-1019 cm-3.  
